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INTRODUCTION

Influenza and its causative virus have been
the subjects of extensive research and publica-
tion. Overwhelming attention has been given to
the structure and biochemistry of the virus (for
reviews, see 31, 41, 174, 207, 212, 223), its mech-
anism of replication in cell culture (for reviews,
see 189, 200, 223), clinical and pathological de-
scriptions of the disease (for reviews, see 56, 161,
223), epidemiology, antigenic variation and ani-
mal reservoirs (for reviews, see 59, 114, 131, 171,
222, 255), immunology (for reviews, see 176, 204,
223), and vaccines (for reviews, see 223, 245). In
contrast, the pathogenicity ofinfluenza virus, i.e.
the mechanisms whereby it produces illness,
receives little attention (155, 244). The aim of
this review is to describe what is known about
pathogenicity and to highlight the gaps in the
hope of stimulating research. Reference to the
subjects listed above will be minimal and con-
fined to their relevance to pathogenicity.
The main aspects of microbial pathogenicity

(or the synonymous term, virulence) are (i) mu-
cous surface interaction, (ii) entry to host tissues,
(iii) replication in vivo, (iv) interference with or
avoidance of host defenses, (v) spread from the
initial site of replication, (vi) damage to the host,

and (vii) tissue and host specificity. The micro-
bial and host components responsible for these
processes are the determinants of pathogenicity
(216). There are three essential steps in identi-
fying these determinants. First, methods for
comparing virulence must be established to
identify strains of high and low virulence. Sec-
ond, these strains must be compared in tests
relevant to the above aspects of pathogenicity to
recognize properties associated with virulence
such as rapid growth, serum resistance, phago-
cyte inhibition, or cytotoxicity. Finally, the bio-
chemical bases for these properties of the viru-
lent strain must be identified (216). The first two
observational steps are relatively easy to accom-
plish, but identifying determinants is difficult
and has only been achieved substantially for
bacteria (216). Not only are most investigations
of pathogenicity of viruses at the observational
rather than the determinant stage, but only rep-
lication has received much attention (214, 217).
However, viral pathogenicity is not determined
solely by ability to replicate in host cells, since
virulent and attenuated strains often replicate
similarly in vitro yet differ fundamentally in
infection of animals. This is due to different
capacities to accomplish one or more of the
other aspects of pathogenicity listed above. All

303



304 SWEET AND SMITH

of these general statements regarding viral path-
ogenicity apply to influenza viruses.
The plan is to deal solely with the pathogenic-

ity of influenza virus A as seen in humans and
the two animal models, ferret and mouse infec-
tion, most used in the study of human influenza.
Experiments with ferrets will receive major at-
tention because of the recent appearance of
much relevant work. Reference to influenza in
other animals will be made only to illustrate
particularly important points. The following
facets of pathogenicity will be considered: (i)
criteria of pathogenicity for selecting strains of
differing virulence; (ii) survival on and penetra-
tion of the respiratory mucous membranes; (iii)
replication of virus in and release from host cells:
tissue specificity; (iv) counteracting nonspecific
defense mechanisms; (v) counteracting immu-
nospecific defense mechanisms; (vi) spread of
virus: barriers and tissue specificity; (vii) damage
to the host-adult, fetus, and neonate; (viii)
exacerbation of bacterial infection; and (ix) vir-
ulence in relation to genetic analysis.

CRITERIA OF PATHOGENICITY FOR
SELECTING STRAINS OF DIFFERING

VIRULENCE
Human influenza is predominantly an upper

respiratory tract infection with some lung in-
volvement but rare viremia (56, 221). Typically,
symptoms include nasal discharge, cough, fever,
headache, myalgia, anorexia, malaise, and de-
pression (56, 221) but occasionally neurological
and gastrointestinal effects are also seen (166,
221). It is rarely lethal when uncomplicated by
bacterial infection (56, 221). Information on the
relative virulence of strains has come less from
observations on epidemics than from volunteer
studies.

Interpretation of morbidity and mortality
data from epidemics is complicated by popula-
tion immunity and confusion between virulence
(ability to cause disease) and communicability
(ability to spread). The second wave of an epi-
demic appears to be more devastating than the
first or later waves, but this is probably due to
greater communicability rather than increased
virulence (58). The changes in severity of disease
between pandemics may indicate changes in vi-
rus virulence. The mortality rate in 1918 was
about 16 times higher than that in 1957 (161),
suggesting that the former pandemic was due to
a more virulent virus. Although population re-
sistance may have been low and the effect of
bacterial pneumonia may have been high in the
absence of antibacterial drugs (19), some of the
greater number of deaths were due to true viral
pneumonia (161).

Trials with volunteers have shown significant
differences in virulence between recombinants
produced as prospective vaccines (19, 20, 162).
Assessment is based on the frequency and
amount of virus shedding, the levels of serum
antibody before and after inoculation, and clin-
ical surveillance of subjective symptoms (e.g,
headache, myalgia, malaise, chill, hoarseness,
and sore throat) and more objective criteria
(handkerchief count, oral temperature, cough,
mucopurulent nasal discharge, and sneezing).
These reactions are scored numerically and then
collectively graded as very mild (trivial effects),
mild (local symptoms), moderate (local and con-
stitutional symptoms), or severe (febrile or other
unpleasant reactions necessitating bed rest) (21).
Inevitably, most trials must be conducted with
relatively few heathly adult volunteers of varia-
ble antibody status. They can be misleading (36,
61), especially about the virulence of strains for
the old and young. Hence, such trials should not
form the immutable basis against which all other
assessments of virulence are judged. Rather,
they should be viewed together with animal
experiments as indications of what may happen
in more extensive human trials (36).

In ferrets, the pattern of infection after nasal
instillation of human influenza viruses is similar
to that in humans, mainly an infection of the
upper respiratory tract with fever, some lung
involvement, and rare viremia (15, 148, 218, 221,
238). As for humans, the infection is not usually
fatal, and assessment of virulence must be based
on less definite criteria than the 50% lethal dose
used for lethal pathogens. Sneezing, nasal dis-
charge, listlessness, and anorexia may be ob-
served (221) but are difficult to quantify. Criteria
used include the 50% infectious dose, the level
and persistance of upper respiratory tract infec-
tion, the height and duration of fever, the level
of lung infection (36, 148, 238), the numbers of
inflammatory cells (84, 85, 135, 148, 239), the
amount of protein in nasal washes (177), and the
degree of nasal obstruction (83). Differences in
virulence between strains are easily detected
and, with a few exceptions, agree well with those
observed in human volunteers (36, 48, 64, 148,
238). Ferrets appear-slightly more susceptible to
influenza virus infection than adult humans with
previous experience of influenza (36), but they
might accurately reflect human infection in in-
fants or when a new serotype appears.

Intranasal instillation of influenza virus
freshly isolated from humans into mice does not
produce overt disease, although virus may mul-
tiply in the lungs, bronchioles, and trachea as
well as in nasal tissue (94, 103, 161). Passage of
virus through mice produces strains which cause

MICROBIOL. REV.



PATHOGENICITY OF INFLUENZA VIRUS 305

severe disease in which, unlike in human and
ferret influenza, the lungs rather than the upper
respiratory tract are predominantly affected (3,
139) and death often follows, probably from
pneumonia (179, 266). Parameters used for com-
paring the virulence of mouse-adapted strains
are death rate or time to death or both, lung
consolidation scored on a five-point scale, lung
weight (which increases with consolidation), he-
magglutinin in macerated lung, food and water
intake, and body weight (175). Sometimes viru-
lence comparisons in mice do not correlate well
with those in humans (150), which is not sur-
prising in view of the difference in disease syn-
drome. The primary advantage of using mice is
that the pulmonary pathology is similar to that
seen in the rare cases of viral pneumonia in
humans (139, 161).

In this section of the review, efforts to identify
virulence markers should be noted. These
markers are properties associated with virulent
strains; they need not necessarily contribute to
the disease process (216). The aim is merely to
have convenient tests in vitro for recognizing
virulent and attenuated strains and serological
and cultural properties can suffice (216). Some
success has been achieved for influenza virus,
for example, in relating the virulence of strains
to ability to inhibit cilial activity of tracheal
organ cultures, but usually not all strains comply
with any one criterion (89, 95, 160). This is not
surprising because of the multifactorial nature
of virulence. Only those markers that have rel-
evance to the disease process in vivo are of
interest here. Examples are the replication in
organ cultures of respiratory tissues with dam-
age to cilia (89, 160) and temperature sensitivity
which may relate to abilities to replicate in the
upper and lower respiratory tract (40, 148, 159,
162).

Virulent and attenuated strains of influenza
virus have been identified for humans, ferrets,
and mice. This allows the search for virulence
determinants by comparing them in various as-
pects of pathogenicity. Investigations in humans
are necessarily limited, but those in ferrets
should have relevance to human influenza be-
cause both the disease syndrome and virulence
differences between strains are similar in the
two hosts.-Studies with mice might prove useful
in delineating the determinants oflung infection.

SURVIVAL ON AND PENETRATION OF
THE RESPIRATORY MUCOUS

MEMBRANES
Influenza virus invades across the epithelial

surfaces of the respiratory tract. Factors oper-
ating against virus attack on this tract, such as

the mucociliary "blanket," competition from
commensal microorgainisms, and humoral and
cellular defenses, have been described before
(34, 214). The objective here is to highlight the
lack of specific information on how influenza
virus counteracts these factors and to suggest
future experiments.

Observations made late in the infectious proc-
ess show that influenza virus can infect many
different cell types in the upper and lower res-
piratory tracts of humans, ferrets, and mice.
Immunofluorescence studies have shown influ-
enza virus antigens in ciliated, intermediate,
basal, and goblet cells ofhuman nasal epithelium
(60, 136, 236) but not in bronchial or bronchiolar
cells (146); also, in the rare cases of pneumonia,
antigen has been found in the alveolar lining
(161) and macrophages (146). In fe"frets, antigen
has been detected in nasal epithelial and inflam-
matory cells, bronchial epithelium, and macro-
phages but not in the trachea (135, 227), and for
certain strains of virus it has been detected in
alveolar cells (161, 221). In mice, antigen has
been found in epithelial cells of the nasal turbi-
nates, trachea, bronchi, bronchioles, and alveoli
(67, 163). These studies give no clue to the initial
site of attack, but demonstrate that virulent
strains can breach mucosal defenses and, when
they do, many types of cells are available for
infection.
With respect to the initial lodgement site in

natural infection of humans, we must note that
the infecting aerosol contains a range of particle
sizes as was present in early aerosol experiments
with volunteers (56). Since larger particles lodge
in the upper respiratory tract and smaller par-
ticles are carried to the lung (34), the infecting
virus probably lodges throughout the respiratory
tract (56). However, the initial lodgement site
appears not to influence subsequent events.
Thus, studies with human volunteers inoculated
either by intranasal instillation or with homo-
geneous aerosols of small particle size, indicated
that uncomplicated influenza can follow from
lodgement of virus in either the upper or lower
respiratory tract (126, 214). For ferrets, we are
not aware of studies with aerosol inoculation;
intranasal instillation is the usual procedure
(135, 238), and here virus lodges predominantly
on the nasal epithelium. Lung infection occurs,
but whether it is derived from the original in-
oculum is unknown. Virus might be carried to
the lung in fine particles resulting from breath-
ing during nasal instillation, or it may follow
later by a similar mechanism from the upper
respiratory tract infection. Aerosol inoculation
of mice leads to uniform infection throughout
the respiratory tract (67, 140) with primary
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lodgement on the epithelial cells lining the air-
ways (268). Even with nasal instillation, virus is
deposited in the lung as well as in the nasal tract
(67).
Thus, in human and animal influenza, all areas

of the respiratory tract probably receive virus,
and most of them contain cells that are suscep-
tible to attack. The questions to be answered
include the following. (i) What promotes contact
between the virus and the walls of the respira-
tory tract despite the mucus layer? (ii) What
prevents removal by mucociliary action? (iii)
How does the virus resist, if necessary, any in-
hibitory action of commensals? (iv) How does it
interfere with humoral and cellular defense
mechanisms in the mucus? (v) What determines
the predominantly upper respiratory tract infec-
tion that characterizes influenza despite the
seeding of the lung and the susceptibility of
some of its cell types? Before discussing these
points, two suggestions that might help research
should be mentioned. Ferrets, rather than mice,
provide a disease syndrome similar to that of
humans, but the presently used method of in-
oculation-nasal instillation-does not mimic
natural infection. If the aim of investigations is
to study mucous surface interactions, infection
of ferrets should be with aerosols of heteroge-
neous particle size so that virus reaches the
lower as well as the upper respiratory tract. Also,
virulent and attenuated strains should be com-
pared. Such comparisons in bacteriology have
revealed virulence determinants acting at mu-
cous surfaces (215), but we are not aware that
they have been made with influenza virus.

Contact between virus and respiratory tract
cells will be a chance event because virus is
trapped in the mucus layer and swept upwards
to the pharynx or backwards from the nose to
be swallowed (34). Host and environmental fac-
tors that may affect the chance of contact in-
clude variations in thickness, flow rate, and vis-
cosity of mucus and gaps in the blanket (214).
Also, mucus secretion and ciliary action may be
inhibited by changes in temperature, ion concen-
tration, and humidity of the air (34, 214). Al-
though experiments to assess the influence of
these factors on virus infection are difficult to
perform, this has been accomplished with New-
castle disease virus in chickens, where tempera-
ture changes and drugs were used to vary mu-
cociliary action (9, 10). Similar investigations
could be done with. influenza virus in ferrets, if
not humans, by using aerosol inoculation of
strains of differing virulence. Undoubtedly, host
and environmental factors play a part in infec-
tion, but during epidemics influenza occurs in
too many individuals for simultaneous defects or
impairment of the mucociliary blanket to be the
sole cause of the increased rate of disease. Viral

properties must also be involved in infection.
Virus concentration in the aerosol would be im-
portant, and viral neuraminidase might facilitate
access to the surface by liquefying mucus (77).
The effect of the neuraminidases of virulent and
attenuated strains of influenza virus on respira-
tory mucus of humans, ferrets, and mice should
be examined.
Adherence to the cilia themselves may be a

mechanism whereby influenza virus resists re-
moval by mucociliary action. In organ cultures
of ciliated epithelium from various animal spe-
cies including ferrets and mice, the cilia continue
to beat, and after infection virus adheres
strongly to them (23, 57, 78, 258). The adherence
to cilia may not mean that virus enters the cell
via them; electron microscopy of infection of
guinea pig trachea showed adhesion but pro-
duced no evidence of penetration through cilia
(57). However, in vivo, the adherence could pro-
mote infection by immobilizing the virus, thus
avoiding its elimination in the mucus blanket,
and by inhibiting ciliary action, sometimes by
clumping (258). The apparent predilection for
cilia may occur because cilia have receptors for
influenza virus of higher affinity or in greater
number than the ubiquitous receptors found on
most host cells. Also, the accumulation of virus
on cilia may be helped mechanically by their
combing action in the mucus flow and the large
surface area offered for virus adsorption. Al-
though in ciliated tissues themselves virus ap-
pears to adsorb preferentially to cilia, it should
be noted that differences in adsorption to organ
cultures of ciliated (nasaI turbinate and trachea)
and nonciliated (alveoli, bladder, and uterus)
ferret tissues could not be detected (120, 240). It
is possible, however, that adsorption to the cil-
iated tissues may have been affected by the fact
that mucus is not produced in organ cultures of
ferret tissue (93, 120). A decrease in susceptibil-
ity of hamsters with age to influenza virus cor-
related with adsorption ofvirus to tracheal organ
cultures (197), but the reasons were not investi-
gated. The adherence of virulent and attenuated
strains to appropriate mucus-producing ciliated
tissues should be compared not only in organ
culture but also in vivo (for example, by electron
microscopy immediately after inoculation of
large amounts of virus). Mucus production in
organ culture might be induced by vitamin A
(8).
Commensals may influence mucosal attack by

influenza virus. Fungi, bacteria, and their prod-
ucts induce interferon (34); mycoplasma can
damage ciliated epithelium (237) and prevent
interferon induction (42); and Haemophilus in-
fluenzae, a persistent colonizer of chronic bron-
chitics (243), produces a substance which de-
stroys the ciliated epithelium of human fetal
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trachea (52).To determine whether commensals
influence the primary stages of influenza, exper-
iments should be conducted as for bacterial in-
fections and infection of pigeons with Venezu-
elan equine encephalitis virus (34, 216). Volun-
teers, ferrets, or mice could be treated systemi-
cally or locally with antibiotics to remove com-
mensals from the upper respiratory tract before
aerosol inoculation to observe the effect on in-
fection by virulent and attenuated strains of
virus. Comparisons with animals having normal
flora would reveal any dramatic influence of
these microbes. Also, gnotobiotic ferrets or mice
could be inoculated similarly; in the one instance
known to us, germfree mice were more suscep-
tible to influenza virus than ordinary mice (55).
The mucus lining the respiratory tract con-

tains nonspecific inhibitors, polymorphonuclear
phagocytes, and macrophages, and these may
increase during infection (34, 154, 228, 239). In
humans, previous experience of influenza means
that these defenses may be to some extent im-
munospecific even at the beginning of infection.
Ferrets and mice are usually shown to lack de-
tectable antibody before use. Interference with
nonspecific and specific humoral and cellular
defenses will be considered in later sections.
How far can factors affecting the initial stages

of mucosal attack explain the fact that influenza
in humans and ferrets is predominantly an upper
and middle respiratory tract infection, despite
the seeding of the lower regions of the lung and
the presence of susceptible cells (see above; 119,
120)? In the lung the mucus layer is thinner and
moves more slowly (34) and, together with the
relative absence of commensals, should enhance
the chances of infection compared with the up-
per respiratory tract. If adherence of virus to
cilia in vivo was an important aspect of infection
(see above), this might explain the lack of alveo-
lar cell infection and the bronchial and bron-
chiolar involvement sometimes seen in addition
to upper respiratory tract infection. The effec-
tiveness of alveolar macrophages may be an-
other important factor. Such mechanisms could
be tested, at least for ferrets, with appropriate
organ cultures or alveolar macrophages inocu-
lated with virulent and attenuated strains. Sim-
ilar studies with mice, which are more prone to
lung infection, might also be useful. The next
section deals with other mechanisms which in-
fluence the susceptibilities of different parts of
the respiratory tract.

REPLICATION OF VIRUS IN AND
RELEASE FROM HOST CELLS: TISSUE

SPECIFICITY
Ability to replicate in vivo is an essential but

not the only determinant of virulence (214). All
stages of replication, namely attachment and

penetration, uncoating, synthesis of viral nucleic
acid and proteins, and assembly and release,
require complementation between virion com-
ponents and host cell factors that have been
termed replication factors (214). The degree to
which complementation occurs determines
whether replication ensues, its rate, and the
infective quality of the progeny. It may involve
an "all or nothing" response, but in many cases
a lack of full complementarity reduces the yield
of infectious virus per unit time but does not
eliminate virus production completely.

Replication in Tissue Culture Cells
Some determinants of influenza virus replica-

tion in cell culture are known, and they probably
apply to infection in vivo. Studies on events in
permissive and nonpermissive cells, on abortive
infection, and on defective interfering particles
are of most interest in relation to pathogenicity.
The subject has been reviewed (188, 189, 200,
223) and is summarized here. Attachment of
virus to cells is mediated by the hemagglutinin
(200) and N-acetyl neuraminic acid residues of
glycoprotein or glycolipid cell receptors (207)
which are present in most, if not all, cell mem-
branes (169). Thus, influenza virus can attach to
many cell types. However, penetration does not
necessarily follow adsorption, for example, with
erythrocytes. It occurs only in certain cell types
and appears to depend on factors supplied by
these cells as well as on a fully glycosylated and
cleaved hemagglutinin on the virus (125, 187,
200, 207). Penetration probably occurs by en-
ergy-independent viropexis (170), but a role for
membrane fusion cannot be excluded (200). The
subsequent events of replication occur success-
fully only if virus and host factors complement
one another completely; abortive infections with
influenza virus have resulted from errors in un-
coating, macromolecular synthesis (6, 26, 66, 72,
133), maturation, budding, and release (35, 69,
137). In some cases, defects in viral matrix pro-
tein (32, 306) and misintegration of neuramini-
dase into host cell membranes (106) have been
implicated in abortive infection.
The most investigated event of replication in

relation to infectivity and virulence is the post-
translational cleavage of the surface hemagglu-
tinin, without which progeny virus is noninfec-
tious (132, 188). Glycosylation and proteolytic
cleavage of this hemagglutinin takes place dur-
ing migration from the rough endoplasmic retic-
ulum via the smooth endoplasmic reticulum to
the plasma membrane before incorporation into
the virus envelope at maturation and budding
(200). The virulence of strains of avian influenza
viruses is associated with the facility for cleavage
of the hemagglutinin in a broad spectrum of
cells, namely in MDCK cells as well as chicken,
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duck, turkey, and quail fibroblasts (27, 188). Less
pathogenic strains were produced in a noninfec-
tious form in MDCK cells and chicken and
turkey fibroblasts; in chicken embryos their rep-
lication was restricted to endodermal cells, un-
like that of the pathogenic strains which could
also infect mesodermal and ectodermal tissue
(27, 188). Thus, the extent to which cleavage of
hemagglutinin occurs depends not only on the
particular structure of that hemagglutinin (124)
but on the proteases of the host cell and on its
environment (125); as for infection ofthe chicken
embryo, these factors could determine tissue
specificity in vivo (125, 188). Although cleavage
of the hemagglutinin is important in the viru-
lence of influenza virus, it is not the only factor
involved, and some strains with easily cleaved
hemagglutinins are not virulent (191). It has
been suggested that viral neuraminidase may
promote cleavage of the hemagglutinin by ex-
posing relevant sites (205) as well as possibly
being involved in release of budding particles
(31).
Lack of a full set of replication factors may

not only block or reduce the production of infec-
tious virus but also result in formation of incom-
plete virus particles. As already mentioned,
some cannot replicate. Others can, but only in
the presence of standard infectious virus whose
replication is interfered with specifically. Such
defective interfering particles (DIPs) were first
recognized for influenza virus (248, 249). If pro-
duced in vivo, DIPs could influence pathogenic-
ity by reducing the replication of infectious virus
(101).

Replication In Vivo
Experiments of the detail described above

cannot be condueted with infected animals.
Nevertheless, some information has come from
observations of the behavior in vivo of temper-
ature-sensitive (ts) mutants produced in vitro.
More importantly, attempts have been made
recently to investigate replication in relevant
tissues at the cellular level with organ cultures
which retain many in vivo characteristics (98).
Results from organ cultures should be inter-
preted with care for three reasons, only the first
two of which reflect the situation in vivo: (i)
more than one cell type is present; (ii) only a
small proportion of the total cells may be sus-
ceptible; and (iii) cut ends are exposed to infec-
tion as well as surfaces of tissues unexposed in
vivo (215). Nevertheless, differences in the rep-
lication of virulent and attenuated strains of
influenza virus have been detected in cultures
held at normal and pyrexial temperatures, dif-
ferences which related to their behavior in vivo.

Also, organ culture experiments have indicated
some mechanisms which could explain the tissue
specificity of influenza virus observed in humans
and ferrets, namely, high levels of infection in
the nasal tract, little in the lung, and almost
none elsewhere. This specificity could result
either from a greater inherent susceptibility (in-
fectious virus-producing capacity) of nasal mu-
cosa compared with lung and other tissues, or
from limitation of virus spread from the nasal
tract by barriers and host defenses. Experiments
with organ cultures, mainly of ferret tissue, have
shown: (i) influenza virus adsorbs to most tissues
but replicates in few; (ii) the virus can replicate
well in tissues where it is not found in vivo, thus
invoking barrier phenomena in tissue specificity;
and (iii) more virus is produced in and released
from nasal turbinates than from lung tissue,
showing that differences in inherent susceptibil-
ity contribute to the infection pattern found in
the respiratory tract. The experirnents are sum-
marized below.
Replication in human tissue. ts mutants of

influenza virus have been produced in vitro and
tested in volunteers as potential vaccine strains.
Strains which replicate at 32 to 34°C, the tem-
perature of the upper respiratory tract, but not
at that of the lower tract (37°C), may immunize
without pneumonic complications (162). Mu-
tants were produced by growth ofwild-type virus
in the presence of 5-fluorouracil, and relevant
recombinants were made. Two sets of ts mu-
tants, ts-1 [E] and ts IA2, have been evaluated.
The two ts-1 [E] mutations were located on the
ribonucleic acid (RNA) genes coding for polym-
erase protein P3 and nucleoprotein, and those of
ts IA2 were on the genes coding for polymerase
proteins P1 and P2; therefore, all were defective
in complementary RNA and viral RNA synthe-
sis (40, 162). Their replication was markedly
restricted in tissue culture at 38 and 37°C, re-
spectively, and they replicated poorly in hamster
lungs. In human volunteers, they replicated in
the upper respiratory tract, but did not induce
systemic or lower respiratory tract symptoms
(40, 162). There is no evidence to suggest that
genes other than those with the ts lesion played
a role in attenuation (145). Thus, it appears that
a defect in polymerase function at the tempera-
tures of internal tissues leads to an inability to
replicate in them in vivo and therefore loss of
virulence.

In organ culture, human adult tissues (nasal
mucosal scrapings, uterus, bladder, and conjunc-
tiva) and fetal tissues (nasal mucosa, trachea,
esophagus, intestine, bladder, lung, conjunctiva,
and umbilical cord) supported replication of in-
fluenza virus; adult and fetal nasal mucosa were
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more susceptible than fetal lung (98, 186). Fetal
brain, spleen, liver, thymus, and amnion did not
support replication, although they adsorbed vi-
rus as well as susceptible tissues (186). Virus
replication in human fetal trachea correlated
with the virulence of strains in humans in some
but not all cases (89, 160). The mechanisms of
replication in human tissues have not been in-
vestigated in depth.
Replication in ferret tissue. In early work

the virulence of virus strains for humans could
not always be correlated with their ability to
replicate in organ cultures of ferret trachea at
330C (89, 158). Recently, for members of one
recombinant system, correlations were obtained
between ability to replicate in organ cultures of
nasal turbinate tissue at normal and pyrexial
temperatures and infection patterns in the upper
respiratory tract; and, in one case, similar cor-
relations applied to infection of lung tissue in
organ culture and in vivo (148, 229, 230, 239).
The background is as follows. The normal rectal
temperature of ferrets is about 38.5°C. This tem-
perature probably occurs in the lung, but in the
nasal tract it is normally a few degrees lower
(229). Fever occurs in infected ferrets during day
2 after intranasal inoculation, and temperatures
of both the upper and lower respiratory tracts
probably rise to 40 to 41°C (148, 229, 238, 239).
Experiments began with two clones of a re-

combinant influenza virus A/PR/8/34-A/Eng-
land/939/69 (H:3N2) which exhibited in ferrets
differences in virulence (clone 7a, virulent; clone
64d, attenuated) similar to those found in hu-
mans (238). After intranasal inoculation, both
clones produced similar upper respiratory tract
infections during day 1, then their behavior di-
verged. The titers of clone 64d in nasal washings
leveled off, then declined at the beginning of day
2, whereas those of clone 7a continued to rise;
they leveled off and declined 6 to 12 h later than
those of clone 64d. Clone 7a also produced a
more consistent and greater lung infection than
did clone 64d (238). The two clones were ad-
sorbed and inactivated equally by the phago-
cytes of the nasal inflammatory response (228),
but in organ culture of nasal turbinates at nor-
mal and pyrexial temperatures, they showed
differences. First, at the normal temperature of
the nasal tract (about 34°C), although initial
production of virus by the two clones was similar
for about 20 h, the maximal yields of clone 7a at
24 to 27 h were greater (230). Second, clone 64d
was more thermolabile and its replication was
more restricted at elevated temperature than
that of clone 7a (228, 229). These differences in
ability to replicate could explain the behavior of
the clones in the upper respiratory tract of in-

fected ferrets (229, 230). Furthermore, clone 64d
was less able than clone 7a to replicate in ferret
lung tissue at normal and pyrexial temperatures,
and this could explain its behavior in vivo (229).
Extension of this work to the two parent strains
(see above) and two further recombinants
(clones 6 and 64c) confirmed the relation be-
tween ability to replicate at pyrexial tempera-
tures and the pattern of infection in the upper
respiratory tract (148). But it failed to do so for
lung infection where, for some strains, other
factors must play a role in vivo (148). A similar
lack of complete correlation between tempera-
ture sensitivity and lung infection has been
noted for other strains of virus in hamsters (C.
W. Potter, personal communication).
The information in the previous paragraph

overlaps with the next section, because fever in
some cases appears to be a host defense mech-
anism against virus attack (142). It should be
emphasized that the experiments just described
with ferrets differ fundamentally from those
with ts mutants in humans and hamsters. The
latter experiments implicate in attenuation re-
striction of virus replication at the normal tem-
peratures of the lower respiratory tract, whereas
the former correlate restriction of replication at
pyrexial temperatures with loss ofvirulence. The
molecular basis for the ability to replicate at
pyrexial temperatures is unknown. Lwoff (142)
suggested that raised temperature inhibited the
replicases of attenuated strains of poliovirus and
also, with other factors, promoted the release of
lysosomal nucleases which destroyed virus nu-
cleic acid. Virulent viruses had replicases that
worked rapidly at high temperatures, so virus
development took place before the nucleases
were released. This may be an oversimplifica-
tion, and we do not know whether such mecha-
nisms operate for influenza virus. Clearly, how-
ever, resistance of replication to pyrexial tem-
peratures may be an important aspect of influ-
enza, and the molecular determinants could be
identified by appropriate experiments.

Tissue specificity in ferrets is similar to that
in humans, with the nasal mucosa being the
most susceptible tissue (15, 84, 85, 135). The
degree of lung infection varies with the virus
strain (148, 239, 241). Of 16 tissues taken from
infected ferrets, only nasal turbinates, lung, tra-
chea, and esophagus contained significant quan-
tities of virus, and nasal turbinates contained
95% of the total (15). In organ culture, similar to
the situation with human tissues, bladder,
uterus, oviduct, conjuctiva, esophagus, and
pharynx could be infected in vitro in addition to
respiratory tissues. Many other tissues were in-
susceptible, although, like insusceptible human
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tissue, they adsorbed virus (16, 186, 240). In vivo,
barriers must stop spread of infection to suscep-
tible tissues like the urogenital tract, and this is
discussed later. In contrast, the inherent suscep-
tibility of the respiratory tissue to virus replica-
tion could determine the natural infection pat-
tern, since replication in organ culture paralleled
that in vivo (15, 16, 240). The minimal infectious
dose for organ cultures of nasal mucosa was
lower, and virus was produced in the medium
more rapidly and to a higher titer than in cor-
responding cultures of trachea and lung alveolar
tissue (16, 119, 120, 240).
Research was concentrated on the differences

between nasal turbinate and lung tissue (39, 119,
120). Virus yields in the tissue pieces and media
of organ cultures of both tissues were compared.
Over a 24-h period, when the first and possibly
second cycles of infection were occurring, nasal
turbinate organ cultures produced approxi-
mately 10-fold more virus in total than did lung
cultures (39). These differences were not caused
by differences in: (i) the amounts of virus ad-
sorbed (120, 240), (ii) the total numbers of sus-
ceptible cells and the actual numbers becoming
infected (39, 119, 120), (iii) the occurrence of
powerful inhibitors (120), or (iv) the kinetics of
virus replication (39, 119, 120, 240). Thus, indi-
vidual susceptible cells of nasal turbinates pro-
duced about 10-fold more virus than the alveolar
type I and II cells which became infected in lung
tissue (39, 119, 120), and the difference seemed
to be determined by factors that influenced
either the amount and quality of virus compo-
nents synthesized or their assembly. Lung alveo-
lar cells have characteristics which might either
limit influenza virus production or result in the
formation of incomplete virus. In kidney and
other cell types, the hemagglutinin and possibly
other envelope proteins are synthesized on the
rough endoplasmic reticulum and translocated
along the smooth endoplasmic reticulum to the
plasma membrane (200). Alveolar type II cells
have little smooth endoplasmic reticulum, and
translocation may be further hindered by sur-
factant produced in the endoplasmic reticulum
(see 39). This surfactant contains dipalmitoyl-
phosphatidylcholine and phosphatidylglycerol,
compounds that are rare in other mammalian
cells (185). Alveolar type I cells are relatively
devoid of ribosomes and mitochondria, and this
may limit virus (39).
Lung tissue infected immediately after its re-

moval from the animal (fresh tissue) released
only about 6% of the total virus produced in 24
h whereas fresh nasal turbinates released ap-
proximately 30% (39). The poor release of virus
by lung cells may be as important as the smaller

total production of virus in restricting infection
in the lower respiratory tract. The following
observation provided a basis for investigating
the poor release. When lung tissue was main-
tained for 24 h before inoculation, the total virus
produced was not significantly greater than that
in fresh tissue, but a greater proportion (about
40%) was released (39, 119, 120). This increased
release was not due to obvious artefacts such as
cell necrosis, fibroblast outgrowth, inhibitors, or
killing of commensals by the antibiotic-contain-
ing medium (119). Furthermore, fresh adult na-
sal turbinate tissue and fresh lung tissue of 2-
day-old ferrets, which released a substantial pro-
portion of their total virus production, showed
no marked increase in release when inoculated
after maintenance (38, 39, 118, 119, 120). Hence,
the change of adult lung on maintenance may
be in the mechanism which prevents virus re-
lease from fresh tissue in vitro and in vivo. Three
possibilities have already been discounted. Over-
lying mucus, which may have prevented release,
appeared absent from both fresh and maintained
lung (119). Alveolar surfactant may have either
prevented release or inactivated virus, but simi-
lar amounts were present in fresh and main-
tained lung (120). Virus released from fresh lung
may have been noninfectious in the assay system
because the hemagglutinin was uncleaved, but
trypsin treatment showed that this was not so
(39). The mechanism preventing release in adult
lung tissue is at present unknown. It must op-
erate outside the host cell membrane, because
influenza virus is not infectious until it has bud-
ded through the membrane, and the total infec-
tious virus produced by fresh and maintained
tissue was similar. One possibility is an inhibitor
of viral neuraminidase which has been impli-
cated in virus release (31).

In the organ culture experiments with ferret
tissues, autointerference was noted, i.e., a de-
pression in virus yield at high inocula (120, 240)
which may have been due to DIPs (101, 248,
249). Whether these particles are produced in
vivo and affect pathogenicity is unknown.
Replication in mouse tissue. We are not

aware of any organ culture studies with mouse
tissue either for comparing virulent and atten-
uated strains or for studying the basis of tissue
specificity. In vivo, with unadapted strains, virus
titers may be higher in either the nasal or lung
mucosa (67, 103). Although the amount of virus
in the lung may be similar for unadapted and
adapted strains, the latter seem better able to
infect alveolar cells (179, 266). This alveolar cell
susceptibility could be investigated in organ cul-
tures along the lines described for ferret tissue.
In mice, DIPs interfere with the replication of
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infectious virus in the lung (249), with increased
survival and decreased disease (96, 178). How-
ever, the protection appeared not to be related
to autointerference with replication of wild-type
virus but to augmented humoral immune re-
sponses (178). Whether DIPs are produced dur-
ing mouse infection with wild-type virus is un-
known. Their role in the pathogenesis of infec-
tion is unclear both in mice and in humans.

COUNTERACTING NONSPECIFIC
DEFENSE MECHANISMS

As background to this and the next section,
the reader is referred to articles (154, 214, 217)
in which the general nature of host defense
against virus attack was summarized. Also, the
lack of knowledge of the mechanisms whereby
viruses counteract this host defense was empha-
sized, and some speculations were made about
these mechanisms.
During the first few days of influenza in non-

immune hosts, the virus must inhibit or avoid
nonspecific defenses on, within, and below the
surface epithelium of the respiratory tract.
These defenses include the mucociliary blanket,
possible inhibitory action of surface commen-
sals, and nonspecific virus inhibitors in mucus,
serum, and tissue fluids (11, 29, 94, 128, 179, 240;
Husseini, Sweet, and Smith, unpublished data).
Then, there is the cellular inflammatory re-
sponse which, for influenza in humans, ferrets,
and mice, consists predominantly of polymor-
phonuclear (PMN) phagocytes in contrast to the
mononuclear (MN) phagocytes seen in other
virus infections (88, 135, 136, 146, 154, 161, 179,
239). The response occurs in the epithelium, but
the inflammatory cells are extruded onto the
mucosal surface. The acidity of inflammatory
exudates (214) may also be a defense, because
influenza viruses are normally labile to acidic
pH (100). Lung macrophages also increase dur-
ing the inflammatory process in humans, ferrets,
and mice (161, 179, 238). Fever produced by
interaction of virus with PMN and MN phago-
cytes is another defense mechanism in humans
and ferrets (184). Finally, interferon is formed in
influenza of humans, ferrets, and mice and is
found in respiratory tract washings and serum
(80, 84, 86, 172, 183, 213, 225). As for host cell
nucleases which might destroy viral nucleic acid
(214), we are not aware of any being implicated
in the destruction of influenza virus in vivo.
We have already discussed the ability of influ-

enza virus to counteract the moving mucus blan-
ket, any inhibitory action of commensals, and
fever. We will now take the remainder of non-
specific defenses and examine how they may be
overcome by influenza virus in our three hosts.

Nonspecific inhibitors of influenza virus com-
prise the a and y mucoprotein inhibitors, which
inhibit hemagglutination, and the ,B inhibitors,
which neutralize infectivity (128, 207). These
could prevent virus attaching to receptors on
susceptible cells. In humans, resistance to ,8 in-
hibitors may have allowed Asian strains of influ-
enza virus to infect the lung more readily (161).
In ferrets, although low titers of virus were rap-
idly inactivated by ferret blood in vitro (240),
inhibitors present in nasal washings from ferrets
infected with either a virulent or an attenuated
clone of influenza virus had a similar action on
both clones (Husseini, Sweet, and Smith, unpub-
lished data). Adaptation to mice was accompa-
nied by viral resistance to fi inhibitors in one
study (29) but not in others (11, 94, 179). Hence,
for influenza of humans, ferrets, and mice, it
seems unlikely that resistance to nonspecific in-
hibitors is important in virulence. If in fact it is
involved, viral neuraminidase could be the vir-
ulence determinant, since it digests some non-
specific inhibitors.
The influence of inflammatory cells on infec-

tions with virulent and attenuated strains of
influenza virus has been studied only with fer-
rets. After intranasal inoculation with a virulent
(clone 7a) or an attenuated (clone 64d) clone, a
nasal inflammatory response consisting of 90%
PMN and 10% MN phagocytes occurred at
about the same time (25 to 29 h after inocula-
tion) and to a similar extent for both clones
(239). This response coincided with the occur-
rence of fever and correlated with decline of
virus titers in nasal washes (239). Extension of
this work to the parent viruses (A/PR/8/34; A/
England/939/69) and two further recombinants
confirmed the relation between the appearance
of the inflammatory response and the decline of
virus in nasal washes, but revealed a striking
difference for A/PR/8/34 (148). Although this
virus produced a similar and possibly greater
upper respiratory tract infection, the inflamma-
tory response was delayed and less marked than
with the other strains. This relative lack of stim-
ulation or depression of the inflammatory re-
sponse has been noted in influenza of rats (194)
and is a possible virulence mechanism. It may
result from a decreased chemotaxis of PMN
phagocytes (17, 195, 198) and could possibly be
related to the surface antigens of A/PR/8/34
(H0N1), which are different from those of the
parent and recombinant strains (H3N2) (148).
Experiments with more strains or recombinants
possessing the same surface antigens as A/PR/
8/34 (HoNj) might clarify any role of these an-
tigens in this respect.
When influenza virus interacts with PMN
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phagocytes, experiments in vitro with cells of
humans, ferrets, and mice show that: (i) virus is
adsorbed and inactivated, but productive virus
replication does not occur (82, 88, 130, 196, 228);
and (ii) the phagocytes are damaged, as indi-
cated by loss of chemotactic activity and ability
to phagocytose bacteria (17, 82, 130, 195, 198).
As yet, there is no evidence that virulent strains
are more able either to resist adsorption and
phagocytosis or to damage phagocytes compared
with attenuated strains. On the contrary, ferret
peritoneal and nasal inflammatory cells ad-
sorbed and inactivated clones 7a (virulent) and
64d (attenuated) equally (228). Further work
along these lines with different virus strains and
cells from different animal species is needed.
The decreased chemotactic and ingestive activ-
ity ofPMN phagocytes caused by influenza virus
almost certainly contributes to bacterial super-
infection (see below), and similar mechanisms
probably operate in promoting infection with
influenza virus itself. The determinants of this
detrimental effect of virus infection on PMN
phagocytes are unknown.
What has been said for interaction with PMN

phagocytes also applies to MN phagocytes of
the respiratory tract, lymph nodes, spleen, and
liver. Adsorption and inactivation of virus with
subsequent reduction of chemotactic, ingestive,
and killing ability of the phagocytes are the
pattern of numerous experiments with MN
phagocytes from humans, ferrets, mice, and
other animals (82, 121, 122, 123, 153, 196, 209,
228, 256). Productive infection of macrophages
by influenza virus has not been demonstrated as
it has for other viruses (51, 156, 214, 217) except
for an avian influenza virus adapted to certain
types of mice (134, 247). Influenza virus antigen
has been detected in MN phagocytes in vivo
(135, 146, 161, 227), but experiments with MN
phagocytes in vitro indicate that only abortive
infection occurs (51, 209, 256). Experiments with
attenuated and virulent strains do not appear to
have been conducted. Thus, as for PMN phag-
ocytes, infection of and damage to MN phago-
cytes are probably a virulence mechanism for
influenza virus, but we have no proof of this nor
any idea of the mechanisms involved.
Although influenza virus is acid labile (100)

and inflammatory exudates can be acidic (214),
we are not aware of comparisons of virulent and
attenuated strains for resistance to pH equiva-
lent to that in inflammatory exudates.
The role of interferon in ameliorating virus

disease is not clear, and attempts to relate the
virulence of virus strains with a lower capacity
to induce interferon or a greater resistance to it
have not been successful (154, 214, 217). This
situation applies to influenza and influenza vi-

ruses. The absence of interferon in lung tissues
of fatal cases of human influenza was noted (14).
A temporal relation between appearance of in-
terferon and recovery is apparent in humans,
but usually the quantities are directly related to
the degree of virus replication and severity of
illness (56). In one study attenuated influenza
viruses induced more interferon in human leu-
kocytes than a virulent strain (173). However, in
chick cells a negative correlation occurred be-
tween interfering ability and virulence (50). The
role of interferon in infection of ferrets is unclear
(84, 172, 213), and preliminary experiments on
two strains of differing virulence (clones 7a and
64d) indicate no marked differences in ability to
induce interferon in the nasal tract (Husseini,
Sweet, and Smith, unpublished data). Although
interferon appeared to be an important defense
mechanism in some studies with mice (86, 225,
269), anti-interferon serum had no effect on in-
fection in another study (81). No correlation was
found between the virulence of strains and in-
terferon production in the lung (152, 179). A
material which inhibited interferon production
in murine cells in vitro was detected in the sera
of infected mice and may have impaired inter-
feron production in vivo (220). Its relevance to
virus infection is unclear, since similar inhibitors
have been found in uninfected tissue (154). Over-
all, it appears that both virulent and attenuated
strains of influenza virus induce interferon and
show no marked differences in resistance to it.
The lack of knowledge as to how influenza

viruses counteract nonspecific defense mecha-
nisms at the beginning of infection is regrettable.
The most fruitful avenues for research appear to
be interactions with PMN and MN phagocytes
and the reasons for the resistance of viral repli-
cation at pyrexial temperatures.

COUNTERACTING IMMUNOSPECIFIC
DEFENSE MECHANISMS

Immunity to influenza in humans, ferrets, and
mice has been well studied and reviewed (176,
204, 224, 247). On balance, humoral immunity-
local and systemic-appears to play the predom-
inant role. In summary, the main mechanisms
are as follows. Antibody to the hemagglutinin
combines with virus and prevents its attachment
to cells; circulating anti-hemagglutinin antibod-
ies correlate with resistance to disease in humans
and animals. Some workers believe anti-neura-
minidase antibody prevents release of virus from
cells. Destruction of virus by increased phago-
cytosis or lysis may follow from activation of
complement by reactions of antibodies with the
viral envelope. Infected cells may be destroyed
by two antibody-mediated mechanisms: K-cell
killing and complement lysis, after interaction of
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antibody and viral antigens incorporated in the
host cell membrane. These antigens include not
only the viral surface antigens but also the nu-
cleoprotein and matrix protein. Cellular immu-
nity is also induced, and in addition to the usual
events that follow T-lymphocyte activation, e.g.,
lymphokine production, cytotoxic T-lympho-
cyte destruction of infected target cells of the
same histocompatibility type may also contrib-
ute to protection.

It appears that influenza virus lacks a strong
ability to counteract the specific host defenses
because in humans, ferrets, and mice (inoculated
with unadapted strains) influenza is usually an
acute disease with a complete and rapid recov-
ery. Nevertheless, persistence of influenza virus
possibly occurs in some humans during inter-
epidemic periods (99) and has been detected in
the lungs of some human neonates (129) and
mice (70). Do any of the possible mechanisms
for counteracting immune defenses outlined
elsewhere (154, 156, 214, 217) operate for influ-
enza virus?

Persistent infections with influenza virus have
been established in cell lines (73, 242, 260) and
in organ cultures of human and other animal
tissue (181; Sweet, unpublished data). The
mechanisms are not known, although in one case
persistence may have been mediated by inter-
feron (242). In human influenza, the virus in
goblet cells (60) may be in an immunologically
privileged site (156); in bovine tracheal organ
cultures, parainfluenza virus persisted in the
submucous glands despite antibody in the me-
dium (182). DIPs may be involved, since inoc-
ulation of defective virions into mice produced
a persistent lung infection (70).

Antigenic shift and drift (255) occur between
influenza epidemics and undoubtedly promote
initial infection of incompletely immune hosts.
Does it occur during infection of individuals, as
for equine infectious anemia (217)? It has been
suggested that virus persistence and antigenic
variation may occur in interepidemic periods,
but the evidence is not yet strong (99). Even if
antigenic variation occurs, it would probably
result from, and not be a mechanism of, persist-
ence if, for example, influenza virus behaves like
vesicular stomatitis virus. Persistent infection
with DIPs of vesicular stomatitis virus resulted
in mutation and consequent antigenic variation
(97). As for other possibilities for persistence
(154, 156, 214), there is no evidence that the
envelopes of virulent strains are more "host-
like" (and therefore less antigenic) than those of
attenuated strains or that nonneutralizing anti-
bodies block the activities of other antibodies or
K cells in vivo.

Considering the possibility of direct inactiva-

tion of B and T lymphocytes, temporary sup-
pression of cellular immunity with lymphocyto-
penia has been reported for influenza in humans
(46, 110, 193) and mice (147) but not ferrets
(112). Suppression of human T but not B cells
by virulent and attenuated strains has been re-
ported (110), as well as a decrease in both types,
with the greatest suppression occurring in T
cells (46). In humans (111) and mice (147) influ-
enza pneumonitis is associated with immuno-
suppression. The lack of an effect on cell-me-
diated immunity in ferrets was attributed to the
absence of pneumonia (112). Some lymphocytes
pass through the lung en route from the central
lymph system to the arterial blood, and if the
lung is infected, virus-lymphocyte interaction
can take place (263). Virus antigen has been
found on blood lymphocytes after infection of
humans (262), and virus adhered to human T
and B lymphocytes in vitro (82). However, virus
replication does not occur in lymphocytes, and
infection, if it happens, is abortive (30, 51, 82).
Nevertheless, the lymphocytes appear to be
harmed. Chemotaxis of T and B cells is de-
pressed in influenza ofhumans (54). Attachment
of influenza virus to rat thoracic duct lympho-
cytes temporarily affected their ability to mi-
grate into lymphoid tissue (263). The cause of
the interference in activity is unknown, although
the effect on rat lymphocytes was attributed to
neuraminidase-induced changes in their mem-
branes (264). All the tests for B- and T-cell
function were made with antigens different from
influenza virus. Hence, we cannot be certain
whether any immunosuppression induced by in-
fluenza virus would actually potentiate the per-
sistence of influenza virus itself.
To sum up, interference with the specific de-

fense mechanisms may not be an important facet
of the pathogenicity of influenza virus because
recovery from disease is rapid. Although viral
persistence may occur in vivo, it has not been
convincingly demonstrated. Immunosuppres-
sion occurs to some extent. In either case, the
mechanisms and determinants are unknown.

SPREAD OF VIRUS: BARRIERS AND
TISSUE SPECIFICITY

We have already discussed the factors which
determine the pattern of respiratory tract in-
volvement after infection of humans by natural
aerosols and of ferrets and mice by intranasal or
aerosol inoculation. In summary, virus can be
delivered to all parts of the tract either by the
initial inoculum or by aerosols set up by passage
of air over previously infected tissues. Also, virus
can spread locally from cell to cell and generally
to all parts. The general spread can be either
upward following mucociliary action or down-
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ward by drainage if mucosal secretion swamps
this action (155). There are no strong barriers
between the different parts, and tissue specificity
is determined by the inherent abilities of the
various tissues to produce and release virus cou-
pled, in some cases, with the influence of host
defense mechanisms.

In this section attention is focused on infection
of tissues outside the respiratory tract. Organ
culture experiments show that many of these
tissues, particularly urogenital and fetal tissues,
can support replication of influenza virus. In
some cases they do so as well as if not better
than respiratory tissues (186, 233, 240). Do these
extrarespiratory tissues become infected in vivo
and, if not, why not?
Although enteric effects have been noted in

human influenza (56), we are not aware of virus
isolations from adult alimentary tract tissues
lower than the esophagus of humans, ferrets, or
mice. This is not surprising since adult tissues
are not susceptible in organ culture (186, 240),
and even if virus is swallowed (34), infection
would probably be prevented by the acid lability
of influenza virus (100, 232), i.e., stomach acid
provides a barrier. Avian influenza viruses which
are more stable than human viruses appear to
replicate in the alimentary tract of birds (254).

In human influenza, cardiac and neurological
complications have been noted occasionally
(221), and virus has been isolated infrequently
from urine (48) and, in fatal cases, from cerebro-
spinal fluid, pericardial fluid, and liver and fetal
tissues (56, 143). Viremia has been reported, but
only rarely (56), and virus may be carried on
blood lymphocytes as well as in plasma (262). In
ferrets inoculated intranasally, infectious virus
was detected in cervical lymph nodes (238) and
spasmodically in liver, spleen, and kidney but
not in uterus, bladder of nonpregnant animals,
or the placentas and fetuses of pregnant ferrets
(15, 44, 233, 238). Virus was found spasmodically
in plasma (238), but consistent viremia or anti-
genemia was not detected (12, 84, 227). If a
viremia occurs, experiments in vivo and in vitro
(15, 238, 240) suggest that virus is transported in
the plasma rather than on blood cells. Thus, in
humans and in ferrets, infection of extrarespir-
atory tissues occurs only rarely and, despite their
high inherent susceptibility, urogenital and fetal
tissues do not usually become infected. In mice
with adapted strains, the picture is different.
Virus has been isolated from liver, spleen (68,
87), pancreas, kidneys, salivary glands, heart,
cervical and mediastinal lymph nodes (68), and
fetuses and fetal membranes (211, 235; Collie,
Sweet, and Smith, unpublished data). Viremia
has been demonstrated consistently with virus

in the plasma and on blood cells (68, 87, 105,
219).

In humans and ferrets, barriers must prevent
the spread of virus from the respiratory tract to
susceptible tissues in all but a few individuals on
rare occasions. The barriers occur at three
stages: between the respiratory tract and the
lymph/blood system; in the blood and its asso-
ciated reticuloendothelial system; and at blood-
tissue junctions. Experiments to test the nature
and strength of these barriers are difficult in
humans. Hence, as a model, experiments in fer-
rets were conducted particularly in relation to
spread of infection to the urogenital tract of
nonpregnant animals and the placenta and fetal
tissues of pregnant animals.
The first barrier between the respiratory tract

and the lymph/blood system can be breached
because, after intranasal inoculation, virus or
virus antigen was found consistently in the cer-
vical (238) or mediastinal (135) lymph nodes.
Also, nasal infection was established by blood-
stream inoculation of virus into nonpregnant
and pregnant animals (15, 233). However, only
moderate levels of virus appear to escape
through this barrier. After intranasal inoculation
and at the height of infection, antigen was not
detected in the spleens of animals by fluorescent
antibody, whereas it was detected after blood-
stream inoculation of 108 50% egg-bit infectious
doses (EBID50) of virus (=106 EBID5o/ml). In
addition, infection of fetal membranes of preg-
nant ferrets occurred after bloodstream inocula-
tion of 1074 EBID50 of virus (=1054 EBID5o/ml)
but not after intranasal infection. Hence, the
amount of virus escaping from the nasal tract
was such that the blood titer at any one time
was less than 105 to 106 EBID5o/ml. Also, nasal
infection after bloodstream inoculation could
only be initiated with very large quantities of
virus (15, 233).

It appears that, at least in ferrets, the second
barrier to virus spread, namely the blood and
reticuloendothelial system, is formidable. First,
inhibitors are present in the blood of ferrets (and
humans), and they can inactivate in 1 h at 37°C
an amount of virus greater than the maximum
that might be found in the blood after liberation
from the respiratory tract (240). Second, it ap-
pears that phagocytosis by spleen and liver cells
can quickly remove blood-borne virus. After
bloodstream inoculation with 101.4 EBID50 of
influenza virus (@107 EBID5o/ml), the viremia
was 104 EBID5o in 5 min and undetectable within
30 min (240). Two hours later, infectious virus
was only detected significantly in the spleen
(240). Furthermore, fluorescent antibody de-
tected antigen in the spleen 0.5 h after blood-
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stream inoculation of 108 EBIDro of virus (227).
Thus, the second barrier will reduce quickly and
effectively any viremia that develops from the
respiratory infection. In individual ferrets (and
probably humans), where the inhibitors may be
low and phagocytosis impaired, a viremia might
occur, but only rarely.
The third barrier is between the blood and

susceptible extrarespiratory tissues. It seems in-
penetrable in the case of urogenital tissues in
nonpregnant ferrets. Although urogenital tissues
could be infected in vivo by local inoculation
(16), bloodstream inoculation of large quantities
of virus failed to infect them (15). Also, virus
was not detected either in the blood or in the
nasal turbinates of ferrets infected urogenitally
(16) or intra-amniotically (Collie, Sweet, and
Smith, unpublished data). The nature of this
barrier is unknown, but one factor may be insus-
ceptibility of the endothelial cells lining blood
vessels (240).
The third barrier is modified in pregnancy and

can be breached if the viremia is sufficiently
high. After intracardial inoculation (1074
EBIDr,,), virus could be isolated not only from
the uterus and bladder of pregnant ferrets but
also from the fetal membranes (placenta, he-
matoma, umbilical cord, amnion, and chorion)
(44, 233). Only in ferrets at late gestation was
fetal infection established with certainty (233).
The route to the fetus is unclear. In organ cul-
ture all the fetal membranes and uterus were
susceptible to infection (233, 240). After blood-
borne infection of placenta or uterus, virus could
spread to the fetus from the placenta along the
blood vessels of the umbilical cord or from the
uterine lining through the chorion and amnion,
as with reovirus infection in rats (117). Within
the fetus, most tissues were infected, indicating
viremic spread (233). Even if maternal viremia
is high, fetal infection in humans may not occur
so easily as in ferrets for two reasons. First,
although in organ culture human endometrium
and decidua were susceptible to infection, hu-
man placenta, amnion, and chorion were rela-
tively insusceptible (186; Collie, Sweet, and
Smith, unpublished data), and they might there-
fore act as a barrier to fetal infection. Second,
the structure of the human placenta (hemomon-
ochorial) is different from that of ferrets (en-
dotheliochorial) (233). Guinea pigs have hemo-
monochorial placentas (231). In organ culture all
their fetal membranes except chorion were in-
susceptible, and after bloodstream inoculation
of large quantities of virus, the fetal membranes
contained only low titers and there was no evi-
dence of replication in fetal tissues (231).
Thus, in ferrets and probably humans, the

reasons for the lack of virus infection of extra-
respiratory tissues include the small escape from
the respiratory tract and the rapid removal of
blood-borne virus by nonspecific inhibitors and
the reticuloendothelial tissues. In the absence of
a substantial viremia, relatively weak blood-tis-
sue barriers (such as in ferret fetal membranes)
cannot be breached. However, all experiments
were conducted with one Asian and one Hong
Kong strain of virus, and the barriers may be
breached with more virulent strains. In human
influenza significant extrarespiratory infection
has not been detected as new virus strains have
appeared. Thus, its rare occurrence probably
results from host variation, particularly with
respect to inadequate host defenses in the blood
and reticuloendothelial tissues.
Why the barriers to spread of infection are

weaker in mice is not clear, although this may
well follow from the adaptation of strains to this
animal. Viremia (around 105 to 107 50% egg
infections doses per ml) occurs with virus pres-
ent on blood cells and in the plasma for up to 48
h after aerosol inoculation (68). The occurrence
and level of viremia correlate with high titers of
virus in the lung (68), and it may represent
"spillover" from this site (87). As for the reasons,
either mouse-adapted strains may be better able
to counteract inhibitors in the blood and the
phagocytes of the reticuloendothelial tissues, or
these defenses are less effective than those in
ferrets. However, mouse phagocytes appear ef-
fective against influenza virus; liver parenchyma
cells, which could be infected via the bile duct,
were not infected by blood-borne virus due to
phagocytosis by the Kupffer cells (153). Virus
association with erythrocytes (87) may be a
mechanism for avoiding phagocytosis, but
mouse-adapted strains are no more resistant to
serum inhibitors than are nonadapted strains
(11, 94, 179). Hence, we have no valid explana-
tion for the more easily demonstrable viremia
which occurs in mice compared with that in
humans and ferrets. Almost certainly it largely
determines the frequency of extrarespiratory in-
fection in mice.

DAMAGE TO THE ADULT, FETUS, AND
NEONATE

Overall harm to the host follows from viral
damage to individual cells. This damage may
result from virus replication depleting cells of
essential components, from direct virus cytotox-
icity, or from immunopathology. These mecha-
nisms have been discussed in detail elsewhere
(7, 214, 217, 253) using as examples viruses other
than influenza virus, for there is little knowledge
ofhow this virus damages cells. Here we describe
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the damage influenza virus causes in the adult,
fetus, and neonate (human, ferret, and mouse)
with recent information on the mechanism in-
volved at the animal level. Then, the little
knowledge available at the cellular level will be
summarized.

Damage to Adults
Uncomplicated influenza of humans and fer-

rets is rarely fatal, lasting 1 to 2 weeks, and is
accompanied by respiratory and constitutional
effects. Mice, however, are killed by adapted
strains.
Respiratory effects. In humans, respiratory

symptoms include sneezing, nasal obstruction
and discharge, sore throat, hoarseness, and
cough (56, 221) and probably result from damage
produced by viral replication in the upper and
lower respiratory tract (63). The upper respira-
tory tract pathology shows an inflammatory re-
sponse and desquamation of ciliated, goblet, in-
termediate, and basal cells in which virus repli-
cation has occurred (60, 250). Although damage
is predominantly confined to the upper respira-
tory tract, tracheitis, bronchitis (250), and im-
paired lower respiratory function may also occur
(56). Pneumonia is rare and occurs usually in
patients predisposed by heart disease and other
conditions (141, 146); alveolar and capillary
damage leads to edema and hemorrhage and
often death from respiratory failure and shock
(141, 161, 221).

In ferrets, respiratory damage is similar to
that in humans. Sneezing and nasal discharge
are seen (148, 221, 238), and lesions are mainly
confined to the upper respiratory tract (135,
221). There is inflammation, hypersecretion of
mucus, and necrosis of respiratory epithelium
leading to desquamation of epithelial cells but
not the basal layer (221). Some virus strains
replicate in lung tissue and produce bronchiolitis
and bronchitis but little, if any, pneumonitis;
damage to ciliated epithelium is the primary
feature, and its extent probably depends on the
virulence of the strain (Macartney, Sweet, and
Smith, unpublished data). Pneumonia can be
produced in ferrets by passaged strains, and the
pathology is similar to that in humans (161, 221).

In mice, unadapted strains of virus produce
bronchitis and bronchiolitis, and adapted strains
produce lung lesions similar to those in human
influenzal pneumonia (161, 179).
Constitutional effects. In humans, consti-

tutional effects commonly include headache,
myalgia, shivering, listlessness, nausea, vomit-
ing, anorexia, and fever, and the severity of the
symptoms is related to the height of fever (56).
These effects have been attributed either to the

toxic effects of products (viral or host) from cells
destroyed by viral replication or to complement
activation by antigen-antibody complexes of
viral components (63). However, recent evidence
suggests that fever and the other constitutional
effects may follow from release of leukocyte
pyrogen from phagocytes (PMN and MN) after
reaction with influenza virus, predominantly in
the respiratory tract. The evidence comes from
experiments with rabbits, ferrets, and humans.
Leukocyte (endogenous) pyrogen acts on the

hypothalamus, via synthesis of prostaglandin E,
to produce fever (22). Rabbit PMN and MN
phagocytes released leukocyte pyrogen on inter-
action with influenza virus in vitro (22, 109, 113).
Also, fever, with detectable leukocyte pyrogen
in the bloodstream, followed intravenous inoc-
ulation of rabbits with large quantities of semi-
purified influenza virus (4, 127). The pyrogen
was probably produced by phagocytes in the
spleen after interaction with influenza virus,
since cultures of spleen cells from inoculated
rabbits released pyrogen in vitro (71).
We are not aware of experiments showing

release of leukocyte pyrogen by human phago-
cytes after interaction with influenza virus. How-
ever, this would probably occur as for rabbit
phagocytes since, like them, human phagocytes
release pyrogen after interaction with other in-
ducers such as endotoxin (22, 180). If this is so,
then release of leukocyte pyrogen may well be
the cause of fever in influenza. The problem is
to determine where the main virus-phagocyte
interaction occurs: locally in the upper respira-
tory tract with release of pyrogen (or possibly
the phagocytes themselves) into the blood-
stream, or systemically after escape of virus into
the bloodstream and reaction with the reticulo-
endothelial phagocytes (45). Both mechanisms
are possible, since pyrogen is produced at inflam-
matory sites and released into the blood (24),
and bloodstream inoculation of rabbits with in-
fluenza virus showed that pyrogen could come
from spleen cells (see above). However, recent
experiments with ferrets support the local origin
of fever (227).

Intranasal inoculation of ferrets with the vir-
ulent clone 7a produced a fever of approximately
24 h in duration. Its onset coincided with the
inflammatory response in the infected upper
respiratory tract (239). There were strong posi-
tive correlations between the rise of inflamma-
tory cells in nasal washings and the rise of py-
rexia (239). Also, insufficient virus escaped into
the bloodstream from the respiratory tract to
produce a 24-h fever by interacting with reticulo-
endothelial phagocytes. Ten bloodstream inoc-
ulations of 108 EBIDr,O of virus were needed over
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a 5-h period to produce a 3- to 8-h fever (227).
Thus, a viremia corresponding to this quantity
of virus (=106 EBID5o/ml) over about 24 h would
be needed to induce the 24-h fever observed in
intranasally infected ferrets. However, the total
virus in the nasal mucosa was below 108 EBID50
before the onset of fever and only exceeded this
level for a 4-h period during the 24-h fever.
Furthermore, influenza virus antigen could not
be detected by fluorescent antibody in the
spleens of intranasally infected animals imme-
diately before and during the fever, but could be
detected after a single intravenous inoculation
of 108 EBID50 of virus, suggesting that escape of
such amounts does not occur from the upper
respiratory tract (227). Finally, with regard to
the local origin of fever: (i) the majority of
thePMN and MN phagocytes of the nasal in-
flammatory response had influenza virus antigen
associated with them; (ii) these infected cells, on
incubation in vitro, released a pyrogen that was
active in ferrets and that had the characteristics
of leukocyte pyrogen; and (iii) a similar pyrogen
was released from ferret peripheral blood leu-
kocytes after interaction with influenza virus in
vitro. Thus, fever probably results from inter-
action of virus with phagocytes in the upper
respiratory tract and release of leukocyte pyro-
gen into the bloodstream. Phagocytes primed by
virus interaction in the respiratory tract might
themselves enter the bloodstream to release
their pyrogen there (45), and virus-phagocyte
interactions in the cervical lymph nodes, where
virus is found 2 days after inoculation, may
contribute some pyrogen. But essentially all
these interactions are local, not systemic.
We cannot be certain that human phagocytes

release pyrogen after interaction with influenza
virus as do rabbit and ferret phagocytes. Nor
can we be sure that the findings on ferret infec-
tion regarding the local origin of fever apply to
human influenza. Nevertheless, it is reasonable
to suggest that similar processes occur because
of the similar disease syndromes. If this is so,
then the local release of human leukocyte py-
rogen by virus-phagocyte interaction in the res-
piratory tract has wider implications. Most con-
stitutional effects of influenza such as headache,
malaise, myalgia, shivering, and nausea have
followed the administration of autologous leu-
kocyte pyrogen to humans (180). Thus, the con-
stitutional effects of uncomplicated influenza in
adults could follow from local interactions in the
respiratory tract.

Damage to the Fetus
Controversial evidence links influenza during

human pregnancy with fetal death, congenital

malformations, and neoplasms in lymphatic and
hemopoietic tissues (143). The controversy is
not surprising since fetal infection probably oc-
curs in only a few individuals on rare occasions.
We can only speculate on how damage might
follow from fetal infection, should this occur.
Many human fetal tissues support virus repli-
cation in organ culture (186), and thus damage
in vivo could follow directly from virus replica-
tion. However, those tissues-neural and lym-
phopoietic-in which the major developmental
or postnatal deformities have been reported, ap-
peared insusceptible in organ cultures (186).
This damage might result from abortive repli-
cation. Alternatively, multiplication in suscepti-
ble tissues could release toxic or teratogenic
materials (186). Influenza of chicken embryos
produced neural abnormalities, but replication
was limited to extraneural sites (108). Fetal dam-
age could also follow from virus-induced endo-
thelial lesions in fetal blood vessels. This might
cause vasculitis and intravascular coagulation in
the placenta and umbilical cord and hence hy-
poxia in fetal organs (37); intravascular coagu-
lation has been noted in influenza (49, 259).
Experiments with ferrets and mice show that,

if virus reaches the fetus, gross damage may
occur, although the mechanisms are unknown.
Intranasal inoculation of pregnant ferrets failed
to infect the fetuses, which remained unaffected
despite the maternal illness and fever (44). When
virus reached the fetuses either from blood-
stream inoculation of pregnant animals at late
gestation or by intra-amniotic inoculation at
early gestation, death and resorption of fetuses
occurred (44; Collie, Sweet, and Smith, unpub-
lished data). The effect of fetal infection ap-
peared to be "all or none." Deaths and resorp-
tions readily occurred, but abnormalities in the
survivors after subsequent birth and growth
have not been detected (Collie, Sweet, and
Smith, unpublished data). However, intranasal
inoculation of pregnant mice with adapted
strains of virus not only produced fetal resorp-
tions and stillbirths, but also poor neonatal sur-
vival and malformations in the progeny (157,
235, 261).

Clearly in pregnant women and ferrets suffer-
ing from respiratory influenza, the fetuses are
protected by barriers to spread of infection
rather than by resistance to virus damage.

Damage to Neonates
Respiratory disease in human babies is haz-

ardous because of their narrow air passages,
their shallow and irregular breathing, and their
inability to take breath orally (234); death can
occur quickly by occlusion of the airways. Also,
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pneumonia may have more severe effects be-
cause of the low proportion of alveolar cells in
neonates (53). Influenza is a common respiratory
infection of young children for whom its effects
are generally mild (56). However, convulsions
and croup are common (223), and bronchiolitis,
bronchiectasis, and pneumonia can occur, some-
times with fatal consequences (129, 166). Influ-
enza has also been implicated in the sudden
infant death syndrome, so called "cot-death"
(25, 164), although precise diagnosis is difficult.

Infection of neonatal ferrets might be a useful
model for providing information on cot-death
and infant pneumonia (43). After intranasal in-
oculation of small doses of influenza virus, all
neonates died within 10 days. Some showed
destruction of the epithelium with mucopuru-
lent exudates in both the upper and middle
respiratory tract. They showed nonspecific
changes in the lung reminiscent of those occur-
ring in cot-death and appeared to have suffo-
cated from occlusion of nasal passages. In other
neonates there was a frank pneumonia which
probably caused death. The predominant pa-
thology was attack and destruction of ciliated
epithelium. Ferret neonates could be used to
define the role of the inflammatory response in
death due to influenza by examining infections
with strains such as A/PR/8/34 which do not
stimulate an intense response (148).
Some possible reasons for the increased sus-

ceptibility of the middle and lower respiratory
tract of neonates compared with adults are as
follows. First, the primary susceptible cells-cil-
iated epithelial cells-may, as in human infants
(53), be in greater proportion in the neonatal
lungs compared with adults because of incom-
plete development of alveolar tissue. Second,
virus release from infected neonatal lung is
greater than that from adult lung (38). Finally,
the lung macrophages of neonatal animals may
be less effective in destroying virus.

Possible Mechanisms of Cell Damage
The pathological effects of influenza described

above follow largely from virus-induced damage
to epithelial cells in the respiratory tract as well
as to the phagocytes of the inflammatory re-
sponse which, in itself, can be mechanically
harmful. Unfortunately, little is known about
mechanisms of influenza virus-induced cell dam-
age even in tissue culture.
The virus appears to exert its toxic effect on

cells directly, rather than by the replication
process depleting cells of essential components
(7), because cellular damage can follow from
abortive replication in tissue culture cells (199).
Also, both PMN and MN phagocytes and T and
B lymphocytes may be damaged after virus in-

teraction, even though they fail to support the
full replicative cycle of influenza virus in vitro
and in vivo (see above). Thus, phagocytes are
less chemotactic and less able to ingest and kill
bacteria, and the lymphocytes also seem to have
impaired functions.

In tissue culture cells, influenza virus de-
pressed both RNA and protein synthesis (138,
199), and this effect appeared to be dependent
upon the synthesis of virus-specified protein
(138). However, whether such a viral protein
shuts off host protein and RNA synthesis spe-
cifically or whether it interferes with some con-
trol mechanism essential for cellular macromo-
lecular synthesis is unknown (138, 199). With
fowl plague virus (FPV), which produced an
abortive infection in HeLa cells, the cytopathic
effect was tentatively attributed to the viral
neuraminidase (199) which might have acted on
lysosomes to release their enzymes (144, 199).

In vivo, influenza viruses demonstrate toxic
activity, suggesting the presence of toxic com-
ponents. Large doses are toxic and pyrogenic
when inoculated into animals (13, 63, 115). The
virus is toxic to mouse lung tissue, and this has
been attributed to viral RNA which may code
for cytotoxic proteins (13). The lipid component
has been implicated in its pyrogenicity (210). A
suggestion has been made (130) that the adverse
effects of virus on phagocytes may involve two
separate processes: a surface effect, which im-
pairs phagocytosis, and an intracellular event,
which inhibits chemotaxis. The relevance of
these studies with large doses of virus and on
abortive replication to normal infection of the
respiratory tract is unclear. In the respiratory
tract, productive replication occurs and epithe-
lial cells are rapidly damaged. More research is
needed not only with tissue culture cells but also
with epithelial cells and phagocytes.
The role of immunopathology in influenza

appears to be minimal since the main clinical
and pathological events happen quickly after
infection, and recovery occurs usually within 2
weeks. However, macrophages may be involved
in the lung lesions of humans (221). In pneu-
monia of mice there is some evidence for cell-
mediated immunopathology. T lymphocytes
have been incriminated in the severity of pneu-
monia (257, 265), with the degree of lymphocyte
infiltration depending upon the virulence of the
strain (266). Nude mice infected with virus died
later than infected normal mice (224), and nor-
mal mice treated with antilymphocyte serum
showed decreased lung consolidation and mor-
tality (226). Antibody appears to be less impor-
tant. Passive administration of antibody or treat-
ment with cyclophosphamide did not affect the
severity of the disease (62, 102).
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In summary, damage caused by influenza vi-
rus appears to follow mainly from a direct toxic
effect on cells, the nature of which is little un-
derstood.

EXACERBATION OF BACTERIAL
INFECTION

Influenza alone is rarely lethal, but it pro-
motes secondary bacterial infections that are
often fatal (161, 221). In humans, the secondary
invaders are staphylococci, pneumococci, and to
a lesser extent Haemophilus influenzae (155,
221). f-Hemolytic streptococci as secondary in-
vaders have virtually disappeared, probably be-
cause they are now less prevalent (130, 161).
Pneumococci, natural respiratory pathogens,
having gained a foothold in areas of virus-dam-
aged epithelium in the upper respiratory tract,
probably spread to the lung without further viral
assistance (161). Staphylococci, though, are not
normally respiratory pathogens and attack
mainly those areas of the tract that have been
damaged by virus (161).

Several possible mechanisms for promoting
bacterial infection are suggested in previous sec-
tions: destruction of ciliated epithelium would
inhibit mucociliary clearance of bacteria; it
would also promote entry of bacteria to the
tissues; release of substances from damaged cells
might stimulate bacterial growth; and inhibition
of phagocytes might prevent bacterial destruc-
tion. Some of these processes appear to be in-
volved, but the viral determinants are unknown.
There is no direct evidence for virus attack

inhibiting mucociliary clearance and promoting
entry of bacteria to human respiratory tissues,
although adherence of staphylococci via protein
A to antibody-coated virus-infected celLs may be
a factor (5). Human PMN phagocytes after in-
teraction with influenza virus showed decreased
chemotaxis and phagocytic activity for staphy-
lococci in vitro (130).

In ferrets, a mixed infection of influenza virus
with group C streptococci was more severe than
the individual infections (28, 76). However, ex-
acerbation of bacterial infection in ferrets has
not been intensively studied. Staphylococci are
normal commensals of the nasopharynx of fer-
rets (28), and attempts to exacerbate these or
inoculated staphylococci by infection with virus
strains of differing virulence may shed light on
similar human infection.
Most experiments on bacterial superinfection

have been done with mice. Coliform infection of
lungs was promoted by influenzal pneumonia
(267). Similarly, simultaneous inoculation of vi-
rus and pneumococci produced higher mortality
than either alone (74). If influenza virus behaves
as parainfluenza virus, inhibition of mucociliary

clearance seems to play little role in promoting
the bacterial pneumonia (79). However, the
pneumonia may in part have been due to the
promotion of bacterial growth by virus-induced
lung edema (90); inoculation of the virus-free
fluid enhanced the ability of pneumococci to
produce pneumonia in mice (90). Influenza of
mice depressed macrophage accumulation at in-
flammatory sites (121) and impaired their ca-
pacity to remove staphylococci from the lungs
(107, 208) but did not affect bactericidal defenses
in the liver and spleen (107). Inhaled staphylo-
cocci were internalized with equal facility by
alveolar macrophages in virus-infected and un-
infected mice (79). In the former, however, pos-
sibly because of virus-induced decrease of lyso-
somal enzyme activity (251), the bacteria prolif-
erated internally, whereas they were killed in
the latter (79, 252).

VIRULENCE IN RELATION TO
GENETIC ANALYSIS

Production of disease by any microbe is so
complex that more than one factor must be
involved (216). This multifactorial nature of vir-
ulence means that: (i) a strain is only fully vir-
ulent when it carries a whole armory of virulence
determinants; (ii) strains attenuated because of
loss of one or more determinants often possess
the remaining members of the armory; and (iii)
an avirulent strain can be transformed into 4
virulent strain by transfer of the appropriate
virulence determinants from another avirulent
strain (216). We have dealt here with the many
facets of virulence of influenza virus; its poly-
genic nature has been noted before (33, 149, 190).
Recent genetic analyses of parent viruses and
recombinants derived from them, when viewed
in relation to virulence, have confirmed the prin-
ciples outlined above. No one gene segment de-
termines virulence; the latter is dependent upon
an optimal constellation of genes, some of which
may be derived from attenuated parent strains.

Analysis of the RNA genome of influenza virus
shows eight RNA segments (151) coding for nine
gene products (104), and RNA-polypeptide as-
signments have been made for several influenza
A virus strains (2, 91, 168). Gene segments 1, 2,
and 3 code for polymerase-associated proteins
(P1, P2, and P3); segment 4 codes for hemagglu-
tinin (HA); segment 5 codes for nucleoprotein
(NP); segment 6 codes for neuraminidase (NA);
segment 7 codes for matrix protein (M); and
segment 8 codes for one, possibly two, nonstruc-
tural proteins (NS1 and NS2). Under suitable
conditions the RNA segments of different strains
migrate at different rates in polyacrylamide slab
gels, allowing the identity and parental origin of
genes in recombinants to be determined (91, 165,
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167, 168). Altematively, differential migration of
double-stranded RNA molecules produced by
hybridization of recombinant RNA with paren-
tal RNA has been used for analysis of recombi-
nants (75, 92).
Although each of the eight designated gene

segments in any particular strain of virus has
features in common with the corresponding gene
segments of other strains, their different physi-
cochemical behavior indicates that there are
subtle differences between them; some of these
differences in the same gene type may well de-
termine the properties related to high or low
virulence (214). Thus, in exchange of gene seg-
ments, the parental source as well as the specific
gene (1-8) could influence pathogenicity. Al-
though it is probable, with such a small genome,
that each segment is involved in pathogenicity,
some may have a greater influence than others.
Furthermore, in any particular strain, coopera-
tion between gene products may be required for
a virulence attribute. In recombination all gene
segments can probably be exchanged, and thus
a recombinant may derive from both pathogenic
parents gene segments which are not particu-
larly involved in pathogenicity, or a segment
may be transferred without its cooperating seg-
ment. Hence, in addition to pathogenic recom-
binants being formed from less pathogenic par-
ents, nonpathogenic recombinants may be
formed from pathogenic parents.
Most studies have related genetic composition

with overall virulence rather than to particular
aspects of it. Studies on recombinants of avian
influenza viruses (particularly FPV) made be-
tween themselves or with human and swine
strains have provided the main information. Ex-
change of any RNA segment can modify patho-
genicity (191). The virulence of a recombinant is
determined by the parent from which the gene
segment was derived as well as the particular
gene segment exchanged (18, 188, 202). Thus,
FPV recombinants in which segment 1 alone
was derived from strain A/PR/8/34 were non-
pathogenic for chickens, whereas recombinants
with this segment replaced by that from strain
A/Swine/1976/31 were fully pathogenic (202).
However, if RNA segment 2 alone originated
from A/Swine/1976/31, then the recombinant
was nonpathogenic, but if segment 2 was from a
human A2 or avian influenza virus, a pathogenic
recombinant resulted (202). In recombination
between a pathogenic and an attenuated strain,
recombinants with larger numbers of genes from
the attenuated parent tended towards attenua-
tion (65, 165, 192), but, as expected from the
principles outlined above, virulent recombinants
were obtained from two attenuated parents and
attenuated recombinants were obtained from

two virulent parents (191, 203, 246). An optimal
constellation of genes was required for a highly
pathogenic virus (188), and indications of this
constellation have been obtained. FPV recom-
binants which derived some genes for the RNA
polymerase complex (P1, P2, P3, and NP genes)
from one pathogenic parent and some from an-
other were nonpathogenic, whereas with one
exception, recombinants which derived all these
genes from one or other parent were pathogenic
(191). In addition, all of the pathogenic recom-
binants derived both their HA and NA genes
from the same parent, whereas all but two of the
nonpathogenic recombinants did not (191). The
genes coding for P1, P2, HA, andM polypeptides
have been implicated in neurovirulence of FPV
recombinants for mice but not with mouse pneu-
movirulence or pathogenicity for chickens (203,
246).
More recently two recombinant series have

been analyzed genetically in relation to their
virulence for humans and for ferrets (36, 148).
The few conclusions that can be drawn from the
small numbers of recombinants that have been
tested (36, 148, 165) support the principles out-
lined above and the findings with avian influenza
virus recombinants.
With clones of the recombinant virus A/PR/

8/34-A/England/939/69 (H3N2), no gene or
combination of genes was recognized that re-
lated to overall virulence for humans or ferrets
(148, 165). The attenuated parent A/PR/8/34
had some virulence attributes, such as the ability
to replicate in the upper respiratory tract. Al-
though substitution of genes from the virulent
parent A/England/939/69 produced recombi-
nants more virulent than A/PR/8/34, clone 64d,
which contained four gene segments from each
parent, was more attenuated than A/PR/8/34,
at least for the ferret (148). In addition, recom-
binants containing A/PR/8/34 genes were more
virulent than A/England/939/69 (148).
A second series of recombinants was derived

from A/Okuda/57 (attenuated) and A/Finland/
4/74 (virulent). Only four were tested in humans,
and it was impossible to draw conclusions re-
garding the relation of virulence to genetic con-
stitution (36). Preliminary results from studies
with ferrets involving 10 recombinants of the A/
Okuda/57-A/Finland/4/74 series (36; Campbell,
Sweet, and Smith, unpublished data) have sug-
gested the following tentative correlations be-
tween gene constitution and virulence. The only
recombinants (two) that were as attenuated as
the A/Okuda/57 parent possessed gene seg-
ments 4 (HA) and 6 (NA) from that parent. The
recombinants possessing gene segments 4 and 6
from A/Finland/4/74 were as virulent as A/Fin-
land or of intermediate virulence, and there was
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a tendency for strains to become less virulent as
the number of gene pieces from A/Okuda/57
increased. Unlike A/PR/8/34 in the previous
recombinant series, there was no evidence of A/
Okuda/57 providing gene segments that mark-
edly increased pathogenicity. The optimal con-
stellation of genes for virulence in this series
may follow from analysis and testing of more
recombinants.
Although less attention has been paid to the

relation of genetic analysis to particular facets
of virulence, some information has emerged. Re-
garding the ability to replicate, gene segments 4
(HA) and 6 (NA) of the correct parental origin
seem to be important in infectivity for tissue
culture cells (75, 205). These genes have also
been implicated in virus infectivity for humans
(20) and animals (18, 27, 246) including ferrets
(Campbell, Sweet, and Smith, unpublished
data), although they are not the sole determi-
nants of virulence (149, 150, 190). RNA segments
from the appropriate parent coding for P3, NP,
andM proteins appear important for high yields
of virus from eggs (165, 206), and the genes
coding for P1 and P3 polypeptides apparently
control the specificity of FPV recombinants for
tissue culture cells (1, 201). How far these latter
results apply to infection of animals is not clear.
When the genetic analysis of recombinants of

the A/PR/8/34-A/England/939/69 series was
viewed in relation to facets ofvirulence in ferrets,
other than replication (the persistence of nasal
infection, the presence of lung infection, the
height and duration of fever), no correlations
with gene segments could be seen except the
possibility that the lower stimulation of the in-
flammatory response of A/PR/8/34 might be
related to its surface antigens (148).

Clearly, the relation of the genetic composi-
tion of a virus to its virulence is neither simple
nor fully understood yet. Even what has already
been learned should be regarded with caution
since isolates of wild-type virus may contain
more than one variant having significantly dif-
ferent pathogenic properties for the host (116).
Recombinants may, therefore, have their gene
segments derived from different parental var-
iants. Hence, the virulence of each recombinant
may reflect chance mutations as well as partic-
ular combinations of genes from the two parents.
In future studies we should use cloned parental
viruses, test recombinants with identical genetic
compositions, and devise methods for detecting
mutations.

CONCLUSIONS
Apart from replication, little is known about

the determinants of the pathogenicity of influ-
enza virus. Nevertheless, this review has identi-

fied important areas other than replication that
are amenable to deeper investigation by making
comparisons of virulent and attenuated strains.
We need to know the mechanisms responsible
for the following: (i) the initial attack on mucous
surfaces; (ii) the lower stimulation of the inflam-
matory response by some strains; (iii) the inhi-
bition of phagocyte function; (iv) the replication
of virulent strains in respiratory tract tissues at
pyrexial temperatures; (v) the greater attack of
some strains on the lower respiratory tract; (vi)
the spread of virus from the respiratory tract in
some animals on rare occasions; (vii) the greater
susceptibility of the middle and lower respira-
tory tract of neonates; (viii) the liberation of
endogenous pyrogen from phagocytes; (ix) cell
damage which may relate to iii and viii; (x)
bacterial superinfection.
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